Structure of a bacterial cell surface decaheme electron conduit Edited by Dianne Newman, Caltech/Howard Hughes Medical Institute, Pasadena, CA, and accepted by the Editorial Board April 21, 2011 (received for review November 22, 2010) Some bacterial species are able to utilize extracellular mineral forms of iron and manganese as respiratory electron acceptors. In Shewanella oneidensis this involves decaheme cytochromes that are located on the bacterial cell surface at the termini of transouter-membrane electron transfer conduits. The cell surface cytochromes can potentially play multiple roles in mediating electron transfer directly to insoluble electron sinks, catalyzing electron exchange with flavin electron shuttles or participating in extracellular intercytochrome electron exchange along "nanowire" appendages. We present a 3.2-Å crystal structure of one of these decaheme cytochromes, MtrF, that allows the spatial organization of the 10 hemes to be visualized for the first time. The hemes are organized across four domains in a unique crossed conformation, in which a staggered 65-Å octaheme chain transects the length of the protein and is bisected by a planar 45-Å tetraheme chain that connects two extended Greek key split β-barrel domains. The structure provides molecular insight into how reduction of insoluble substrate (e.g., minerals), soluble substrates (e.g., flavins), and cytochrome redox partners might be possible in tandem at different termini of a trifurcated electron transport chain on the cell surface.
c-type cytochromes | iron respiration | MtrC | multiheme M any Gram-negative bacteria can couple anaerobic growth to the respiratory reduction of insoluble Fe(III) and Mn (IV) oxides (1) . To exploit these abundant electron sinks, specific respiratory electron transfer mechanisms must overcome the physical limitations associated with electron transfer across the outer membrane (OM) to solid extracellular terminal electron acceptors. In Shewanella oneidensis this involves proteins coded by the mtrDEF-omcA-mtrCAB gene cluster (1, 2) . MtrA and MtrB form a trans-OM electron transport complex that comprises a β-barrel porin (MtrB) in which a decaheme cytochrome (MtrA) is embedded (3, 4) . MtrC forms an extracellular decaheme terminus to this complex. The MtrCAB complex has been reconstituted into sealed membrane vesicles and shown to conduct electrons across the vesicular membrane (4) . MtrF, MtrD, and MtrE are homologues of MtrC, MtrA, and MtrB, respectively. The mtrDEF operon is most highly expressed during growth in biofilms (5) , but hybrid complexes can form between MtrCAB and MtrFDE components (2, 6) . The OmcA protein is a homologue of MtrC and MtrF that may be able to receive electrons from the MtrCAB or MtrFDE complexes via interaction with the decaheme termini, MtrC or MtrF (7), but can also substitute for these proteins in mtrC mtrF deletion mutants (2) . The passage of electrons across the OM through the MtrABC or MtrDEF conduits can be viewed as electron transfer to the microbe-mineral interface (4) . A number of possible mechanisms for electron transfer at the microbe-mineral interface (i.e., electron transfer from the MtrC, MtrF, or OmcA termini to an insoluble mineral substrate) have been suggested that that could occur in tandem and include (i) direct transfer of electrons to insoluble mineral substrates;
(ii) indirect electron transfer mediated by flavin electron shuttles, or (iii) intercytochrome electron transfer, possibly along "nanowires" (8) (9) (10) (11) (12) (13) (14) (15) (16) . Here we present the X-ray crystal structure of a decaheme terminus of an OM conduit, MtrF, and propose models from this structure into how these different types of extracellular electron transfer might occur.
Results
The X-Ray Crystal Structure of MtrF. The crystal structure of MtrF was solved to 3.2-Å resolution. At this resolution it was possible to confidently place the heme cofactors, main chain polypeptide, and majority of the side chains. The overall structure of the MtrF resembles an oblate ellipsoid with approximate dimensions of 85 × 70 × 30 Å, similar to those predicted by small angle X-ray scattering for OmcA (13) (Fig. 1) . MtrF is folded into four distinct domains that are formed sequentially through the amino acid (aa) sequence (Fig. 1B and Fig. S1 ). Domains I (aa 49-186) and III (aa 319-473) each contain seven antiparallel β-strands folded together through an extended Greek key topology that results in a split-barrel structure (Fig. 1B and Fig. S1 ). Domains II (aa 187-318) and IV (aa 474-641) each bind five tightly packed hemes covalently attached to the Cys residues of the five CXXCH motifs in each domain. The four domains fold together so that the pentaheme domains II and IV are packed to form a central core with the two split-barrel domains I and III flanking either side (Fig. 1B) . Domains I and II could be superposed over domains III and IV with a rmsd difference of 2.8 Å, suggesting that the 4 domain MtrF may have arisen from a gene-duplication event of a 2-domain pentaheme protomer. In support of this view alignment of the primary structures of the domains II and IV shows similar spatial arrangement of the five CXXCH heme binding motifs (Fig. S2 ). There is an open cylindrical cleft with a diameter of 20 Å between domain I and IV, but a similar cleft between domains II and III is occluded by an α-helical interdomain bridge (Fig. 1B) . Domain III also contains two cysteine residues in a CX 8 C surface loop that forms a disulfide bond that is partially exposed to the solvent ( Fig. 1 and Fig. S3E ). The disulfide is 22 Å from the nearest hemes (hemes 4 and 7) and so is electronically isolated from the heme redox centers. The α-helical bridge and disulfide bond serve to maintain the overall rigidity of domains II and III, which have average temperature factors of 87.1 and 74.9 Å 2 , respectively, whereas the average temperature factors for domains I and IV are higher at 160 and 121 Å 2 , respectively. The higher temperature factors cause the electron density in these regions to be less well defined due to a greater mobility of the residues in these areas. The residues modeled in domains I and IV therefore appear more disordered than in domains II and III, but are supported by the overall R factor and Rfree values that are appropriate for a model at this resolution.
The 10 hemes of MtrF are organized into a unique "staggered cross," in which a staggered 65-Å octaheme chain (hemes 10, 9, 8, 6, 1, 3, 4, 5) transects the length of the protein through domains IV and II and is crossed at the middle by a 45-Å tetraheme chain (hemes 2, 1, 6, 7) that connects the two Greek key split β-barrel domains I and III (Fig. 1B and 2A ). This staggered cross is made up of a lower order organization of two triads of parallel hemes (hemes 3, 4, 5 and hemes 8, 9, 10) that lie perpendicular to a quartet of parallel hemes (hemes 2, 1, 6, 7) ( Fig. 2A and Fig. S2 ). Each heme is within 7 Å of its nearest neighbor(s) ( Fig. 2A) , which serves to ensure rapid electron transfer between all 10 hemes. In principle electron transfer is also possible between the hemes 2-3 and 7-8 pairs as they are positioned 11 Å apart ( Fig. 2A) . The overall surface exposure of each heme was calculated using AREAIMOL in the CCP4 package (17 (18) , whereas in MtrF and NrfB, it is the last heme incorporated and has been shown in NrfB to be at the interface of the NrfA:NrfB complex (19) . The overall high level of solvent exposure of the heme chains of MtrF results in a negatively charged electrostatic surface that is contributed to by the 20 heme propionates associated with the 10 bound hemes ( Fig. 2 C and D) . Extensive dialysis of MtrF followed by inductively coupled plasma emission analysis revealed that 18 AE 2 mol Ca 2þ ions were bound per mol MtrF, which could serve to charge compensate this negatively charged surface. One of these Ca 2þ ions could be identified in the crystal structure and was located close to heme 3 coordinated in a manner that suggests a structural role in orientating the residues around the heme 3 distal ligand that would lead to this Ca 2þ ion being more ordered that the other Ca 2þ ions associated with the protein (Fig. 2B ). The structure of MtrF raises questions about how it might interact on the membrane surface with the integral membrane MtrDE cytochrome-porin electron delivery module. Thus, the MtrF coordinates were submitted to the Protein-Protein Interface Prediction (PPI-PRED) server (23) and the Solvent accessibility-based Protein-Protein Interface iDEntification and Recognition (SPPIDER) server (24) (Fig. S3 A and B) . Both analyses suggested that Domains I and IV are the most likely to be involved in making protein-protein contacts. The residues identified as potentially being involved in protein-protein contacts lie within regions with relatively high temperature factors that may result from destabilization of the structure due to the absence of the protein partner (Fig. S3C) . To further explore sequence conservation that may be important in protein-protein interactions, 18 unique sequences (30-98% identity to target sequence) of both MtrF and MtrC homologues from Shewanella species were aligned with the MtrF primary structure sequence using ClustalW and the sequence conservation mapped onto the MtrF coordinates using the ConSurf server (25) . A path of conserved residues followed the branched chains of hemes that include the 10 CXXCH motifs involved in heme binding and coordination. The residues involved in the domain III disulfide were also conserved. In addition, clusters of conserved residues were also observed on domains I and IV (Fig. S3D) , suggesting a functional importance, potentially in the interactions of MtrF and MtrC with the MtrDE and MtrAB cytochrome-porin partner complexes, respectively. Thus the combined PPI-PRED, SPPIDER, and ConSurf analyses, together with the consideration of the temperature factors, suggests a model in which MtrF is configured to interact with MtrDE via domains I and IV and receive electrons into the highly solvent-exposed heme 10 at the opening of the interdomain cleft. This would then make Heme 5 a solvent-exposed electron egress site at the opposite end of the staggered octaheme chain (Fig. 3 ).
Relating the Spectropotentiometric Properties of MtrF to the Protein
Structure. All 10 heme irons in the MtrF crystal structure display bis-His axial ligand coordination ( Fig. S2 B and C) . The His residue of each CXXCH motif provides the proximal ligand to the iron of the heme bound to that motif and five additional His residues in each domain provide the distal ligands for the five hemes within the same domain. Bis-His axial ligation was also supported by the solution-state near infrared magnetic circular dichroism (NIR-MCD) spectrum. This revealed a peak at 1,500 nm for oxidized MtrF that is characteristic for low-spin ferric hemes in which the Fe(III) is coordinated by two axial nitrogen atoms (e.g., from His or Lys) ( Fig. 4A) (26) . There is no evidence for a peak at 1,800 nm that would be indicative of HisMet coordination. A single low-spin bis-His coordinated heme displays NIR-MCD Δε 1;500 nm of 0.8-1.0 mM −1 cm −1 T −1 and so the intensity of the MtrF NIR-MCD spectrum (approximately 8 mM −1 cm −1 T −1 ) can account for all 10 hemes. The strong ligand field created by bis-His coordination generally leads to Fe(III) displaying low-spin electronic character. This is reflected in the visible spectrum of oxidized MtrF that has absorption bands at 410 nm and 530-560 nm indicative of low-spin ferric hemes (Fig. S4 ). The electron paramagnetic resonance (EPR) spectrum of the oxidized protein is also characteristic of low spin (S ¼ 1 2 ) ferric hemes because intense features at g ¼ 6 expected for high spin heme are absent (Fig. 5A ). The hemes titrated from ferric to the EPR silent ferrous forms (S ¼ 0) across a window of 400 mV (Fig. 5 ). Spectra arising from ferric heme containing protein could be modeled with three groups of signal giving species denoted low-spin 1 (LS1), low-spin 1 (LS2), and large g max (LGM) (Fig. 5B and Fig. S5 ). The intense LS1 signal is a rhombic signal with g 1;2;3 ¼ 2.98, 2.26, and 1.5 characteristic of low-spin ferric hemes with near-parallel His ligand pairs. For the fully oxidized protein spin quantitation suggested that LS1 accounted for five to six hemes, which is consistent with six MtrF hemes (hemes 2, 4, 5, 6, 7, and 8) displaying near-parallel His ligands in the crystal structure (Fig. S2 ). The broad potential window across which these hemes titrate, 0 to −260 mV, is also consistent with the origin of LS1 in multiple hemes, Fig. 5C . The broad g ¼ 3.26 signal on the low field side of LS1 is typical of the broad LGM signals characteristic of low-spin hemes with near-perpendicular bis-His ligand pairs such as displayed by hemes 1, 3, or 9 in the crystal structure (Fig. S2) . Quantitation of LGM for the fully oxidized protein suggests that this accounts for approximately two of these three hemes and the signal titrated between −100 and −260 mV (Fig. 5C ), a broad window that was consistent with more than one heme contributing. The LS2 signal is a second rhombic signal, with g 1;2;3 ¼ 2.83, 2.31, and 1.63, that has greatly decreased rhombicity ( (Fig. 5B ). Such lower rhombicity has been observed when a ferric heme imidazole ligand deprotonates to an imidazolate (26, 27) . LS2 accounts for one heme in the spectrum of fully oxidized protein. It is the only signal remaining at −260 mV and so arises from the lowest potential heme in the protein (Fig. S5 ). Increased solvent exposure contributes to a heme titrating at lower potentials, and so on this basis heme 10 is a strong candidate as the origin of LS2, consistent with the suggestion from the topology modeling that this heme is the Fig. 3 . Cartoon showing the possible integration of MtrF into the respiratory electron transport system. The MtrF is oriented so that domains I and IV interact with the outer-membrane MtrDE cytochrome-porin electron delivery module. This orientation positions heme 10 in domain IV to accept electrons from MtrD and heme 5 in domain II to be the solvent-exposed terminus for electron output to solid substrates, soluble substrates, or electron shuttles as suggested in the main text. The more buried hemes 2 and 7 in the domain I/II and III/IV interfaces are possible sites for electron exchange with soluble substrate or electron shuttles that could be particularly important if the heme 5 terminus is occluded by interaction with a solid surface. Electron delivery to MtrD from the inner membrane (IM) quinol pool is via the tetraheme CymA, which may be direct or via other periplasmic cytochromes that are omitted for clarity. In this illustrative cartoon electron input is shown via the formate dehydrogenase (Fdh). A transmembrane electrochemical gradient is generated across the inner membrane, whereas the extracellular respiratory substrates serve as electron sinks to recycle the menaquinone (MQ) pool. The extent to which MtrF and MtrD extend into the MtrE barrel is not known but the terminal hemes of the two proteins must come within 14 Å to allow for efficient electron transfer because the homologous MtrCAB complex has been reconstituted in proteoliposomes and shown to conduct electrons across the membrane (4).
physiological electron input site. Inspection of the environment around heme 10 shows that the N δ of the proximal His ligand is in close proximity to the Asp-361 carboxylate (∼3 Å), which could lead to partial or complete deprotonation of the histidine to give it imidazolate character as seen for example on the proximal His ligand of cytochrome c peroxidase (28) .
The ability of MtrF to rapidly exchange electrons with solid surfaces was confirmed by protein film voltammetry (PFV) (Fig. 4B ). Cyclic voltammetry (CV) of MtrF demonstrates reversible electrochemistry over a potential window from þ100 to −400 mV in agreement with the EPR monitored spectropotentiometric titration. Redox activity in this low-potential window is consistent with the bis-His coordination revealed by the crystal structure and NIR-MCD because the electron donating nature of the His ligands serves to stabilize the oxidized state of the hemes. The peaks resolved by CV were unaltered by rapid rotation of the electrode, or transfer to fresh-buffer electrolyte solution, which confirms their origin in molecules adsorbed on the surface rather than diffusing in solution. The peak areas, which reflect the number of moles of electrons exchanged between the protein and electrode, were invariant from 0.01 to 100 V s −1 . The separation of apparent peak potentials (E p app ) increased markedly above ca. 5 V s −1 . Similar behavior has been observed for MtrC, MtrA, and OmcA (4, 29, 30) . In each of these cases rigorous analysis of interfacial electron transfer kinetics is precluded by the overlapping contributions to the peaks. However, fitting the scan rate dependence of the peak potential using a Butler-Volmer description of a single, adsorbed redox center gives an indication of the rate constant for interfacial electron transfer, which for MtrF was estimated to be 220 s −1 (Fig. 4C) . Inspection of the CV revealed a shoulder on the low-potential flank that was well-described by the theoretical response arising from an adsorbed center with a midpoint potential of ca. −312 mV exchanging one electron with the electrode and that accounts for approximately 10% of the total peak area (Fig. 4B and Fig. S4) . Thus, the low-potential shoulder has features in good agreement with those for reduction of the lowest potential heme (the LS2 signal) identified by EPR monitored spectropotentiometry. The remaining electrochemical envelope accounted for approximately 90% of the signal (i.e., approximately nine hemes), consistent with all ten hemes of MtrF being able to communicate with the electrode either directly, or via interheme electron transfer at the scan rates studied. There is no unique fit for this region of the wave, but the data can be satisfactorily fitted to nine single-electron contributions the distribution of which are consistent with the electrochemical windows over which the hemes contributing to the LS1 and LGM signals titrated in the EPR solution-state potentiometry (Figs. S4 and S5) .
The rate constants for the oxidation of reduced MtrF by FMN, a range of soluble Fe(III) complexes, and ferrihydrite were determined (Figs. S6 and S7 and Table S1 ). The oxidation of MtrF by solid ferrihydrite by MtrF was very slow (k ¼ 0.0003 s −1 ) and so to verify the cellular functionality of MtrF in mineral Fe(III) reduction we constitutively expressed mtrF in trans in a mtrC Hepes, 100 mM NaCl, pH 7.0 at 20°C, scan rate 30 mV s −1 , electrode rotation 3,000 rpm. The background current was subtracted using previously described procedures (31) . Fitting each peak to 10 equal n ¼ 1 responses (Fig. S4) showed the low-potential flanks could be described by a single process (dotted lines) with E m (average peak potential) of −312 mV. (C) Scan-rate dependence of MtrF PFV. Variation of the oxidative (open circles) and reductive (closed circles) apparent peak potentials (E p app ) with scan rate. A best fit trumpet plot is shown (solid lines) with an interfacial electron exchange rate constant of 220 s −1 . omcA double mutant deficient in ferrihydrite reduction (approximately 14% of the wild-type rate) and recovered approximately 70% of the parental capacity (Fig. S6B) . When 10 μM of FMN was added to 0.5 μM reduced MtrF (5-μM heme) the oxidation kinetics could be fitted to a single component with a second-order rate constant of 5.6 × 10 5 M −1 s −1 (Fig. S7) . A similar value was derived on doubling the FMN concentration, suggesting that the binding site(s) is saturated at these concentrations. Inspection of the crystal structure suggests the domain I and III β-barrels are possible FMN binding sites because the extended Greek key split-barrel structure is a common in flavin binding domains (31) . These two sites are structurally similar and so could be kinetically indistinguishable; however, attempts to resolve a flavin in these sites following crystal soaks or growing crystals in the presence of FMN were not successful and so the precise nature of flavin binding remains to be determined. The oxidation kinetics of reduced MtrF by Fe(III) citrate were much slower than for FMN (Fig. S7 and Table S1 ). For example, at 10 μM Fe (III) citrate the reaction was biphasic with second-order rate constants of 6.3× 10 4 M −1 s −1 and 1 × 10 4 M −1 s −1 . The oxidation kinetics of reduced MtrF with FeðCNÞ 6 3− was also biphasic; the first phase had a second-order rate constant comparable to FMN, whereas the second phase was comparable to the rate of oxidation by Fe (III) citrate ( Fig. S7 and Table S1 ). The rate of MtrF oxidation by Fe(III)EDTA and Fe(III)NTA was monophasic with second-order rate constants of 2.6 × 10 6 M −1 s −1 and 2.5 × 10 5 M −1 s −1 , respectively. It was notable that FMN oxidized only around 40% of the reduced heme groups, even at a molar ratio of 20 FMN:1 heme (Fig. S7) . The E 0 0 of FMN∕FMNH 2 is approximately −200 mV (v SHE) and from the EPR and PFV analyses it was clear that only 30-40% of the hemes are oxidized at this potential, suggesting that only a subgroup of the MtrF hemes participate in FMN reduction. By contrast addition of Fe(III) citrate, Fe (III)EDTA, or Fe(III)NTA to reduced MtrF fully oxidized all 10 hemes (Fig. S7) , which is consistent with an E 0 0 of FeðIIIÞ∕FeðIIÞ of approximately þ200 mV.
Discussion
We have presented the crystal structure of a member of a family of decaheme extracellular cytochromes that is widespread among Fe(III)-respiring Shewanella species. Although at a modest 3.2-Å resolution, the heme and domain organization evident in this structure can serve as a foundation from which to begin to explore how these extracellular termini to OM electron conduits operate at the microbe-mineral interface. With respect to electron transfer directly to insoluble electron acceptors, we have suggested a topology on the membrane surface that will need to be proven experimentally, but which suggests electron input from the cell via heme 10 and an electron egress site at the opposite end of the staggered octaheme chain at heme 5 (Fig. 3) . This heme is positioned so that the edge of the porphyrin ring is exposed to the solvent (Fig. 1B) . This configuration has been shown from modeling to be optimal for electron transfer to insoluble minerals (14) and so this heme is well placed to interact with minerals in the extracellular environment. Consistent with this, electron exchange with solid graphite electrodes probed by PFV is fast, a feature in common with OmcA and MtrC (29, 30, 32) . It is then perhaps surprising that oxidation of reduced MtrF by suspensions of solid ferrihydrite is very slow. Such slow rates have also been observed for MtrC and OmcA (8) and may reflect fundamental differences in the two experiments. For example, in PFV MtrF has absorbed onto the solid electrode surface, whereas the spectrokinetic experiment is more dependent on diffusional collisions of MtrF and mineral particles. However, the differences could also reflect the importance of electron shuttles for reducing insoluble particulate materials (12) .
Turning to consider electron shuttles, in the model presented, the solvent-exposed heme 5 terminus will also be able to pass electrons to high potential electron shuttles, in addition to direct reduction of a solid mineral. However, in an environment where the bacterium is interacting with a solid substrate, access to heme 5 could be sterically occluded (Fig. 3) . It would then make physiological sense to have additional sites for electron egress that a soluble electron shuttle, but not a solid substrate, could access. In this context the hemes 2 and 7 termini in the Greek key split β-barrel domains I and III are intriguing. Although these could represent electron transport dead ends, it is notable that both are within 14 Å of the center of the domains that are solvent accessible. This could potentially allow electrons to be rapidly transferred to a water soluble electron acceptor that can enter these barrels (Figs. 1A and 2A) . The PFV showed electrons can rapidly equilibrate across all of the MtrF hemes, and so this might enable electron exchange with a soluble substrate and an insoluble substrate to occur in tandem at hemes 2 and 7 (soluble substrates) and heme 5 (insoluble substrate) (Fig. 3) . The thermodynamic domain in which FMN operates is consistent with an electron shuttle role because it needs to be sufficiently oxidizing to extract reductant from MtrF, but sufficiently reducing to enable it to pass on these electrons to an Fe(III) complex. MtrF having electron output termini tuned to the approximately −200 mV thermodynamic domain of FMN∕FMNH 2 would make functional sense in this context. It is then possible that electron transfer from heme 10 to hemes 2 and 7 represent low-potential branches of the MtrF heme network with termini tuned for FMN reduction, whereas hemes 1, 3, 4, and 5 represent a higher potential branch suitable for electron transfer to Fe(III) minerals. The apparent saturation of the FMN binding site(s) at 10 μM is consistent with the low (approximately 0.2 μM) concentration of FMN found in cultures of S. oneidensis (10, 33) . Fe(III) EDTA and Fe(III) NTA both rapidly oxidize MtrF at rates that can be fitted by single rate constants similar to those observed for MtrC (12) . Fe(III) citrate represents an interesting soluble chelate because, although water soluble, it is bulky and would most likely experience steric hindrance for access to the more buried heme termini (12) . This could reflect the much slower rate constant measured for this substrate than for FMN under identical experimental conditions. Finally we consider interprotein electron transfer with other extracellular cytochromes. Extracellular electron exchange between outer-membrane cytochromes has been demonstrated in solution for MtrC and OmcA (7) . Considering the structure of MtrF, such electron transfer could be envisaged via the solvent-exposed heme 5 putative electron egress site of one monomer and a heme 10 input site of another monomer (Fig. 3) . The insulating effect of the β-barrels would prevent electron exchange via the hemes 2 and 7 termini of different monomers (Fig. 3) . If such interactions occurred on the cell surface, then conductive cytochrome chains could extend away from the cell, perhaps stabilized on nanowire pilli-type appendages, which in S. oneidensis are dependent on the MtrC and OmcA decaheme cytochromes for electrical conductance (34, 35) . Further biophysical work is now required to interrogate the validity of these mechanistic models, but this first structure of a member of the extracellular decaheme cytochrome family opens up many previously undescribed experimental lines with which to move the understanding of electron transfer at the microbe-mineral interface forward.
Materials and Methods
The mtrF gene was amplified by PCR, cloned into pBAD202D (Invitrogen), and transformed into S. oneidensis MR-1. Cultures were grown aerobically in Luria-Bertani medium (30 μg mL −1 kanamycin), and mtrF expression was induced by the addition of 1 mM arabinose. Purification of MtrF, kinetic, EPR, MCD, and PFV analysis were similar to those described previously for studies on MtrC and OmcA (4, 31, 36) . MtrF crystals were obtained by vapor diffusion using a 1∶1 mixture of 5 mg mL −1 MtrF and a mother liquor of 100 mM N-(2-acetamido)iminodiacetate buffer pH 6.5, 15% ethylene glycol, 1.1 M ðNH 4 Þ 2 HPO 4 . Data were collected on frozen crystals on beamline I-02 at Diamond. A SAD (single-wavelength anomalous dispersion) dataset was collected using an x-ray wavelength of 1.73 Å at the iron K edge to a final resolution of 4.0 Å. A further dataset was collected to a resolution of 3.20 Å using an X-ray wavelength of 1.072 Å. Datasets were processed using IM-OSFLM and SCALA as part of the CCP4 package (16) ( Table 1 ). The structure of MtrF was determined through SAD phasing using SHELX to identify 10 iron sites and is described in detail in the SI Text (37). Electron density maps calculated using experimentally determined phases were sufficiently interpretable to manually place all 10 hemes and corresponding CXXCH motifs as well as 95% of the polypeptide backbone using COOT (38) (Fig. S8) . Molecular replacement using PHASER (39) was used to fit the model to a second dataset at 3.2 Å (Fig. S3E) . Further residues and all side chains were then built in using alternating rounds of manual building and translation liberation screw refinement with PHENIX (40). The final model was refined to R cryst and R free values of 30.5% and 32.1%, respectively, and has 20 residues (3.5%) in the disallowed region of the Ramachadran plot.
Supporting Information
Clarke et al. 10 .1073/pnas.1017200108 SI Materials and Methods. Purified MtrF was concentrated to a stock of 5 mg mL −1 in 0.5% CHAPS, 50 mM Hepes pH 7.5. Crystals were obtained by vapor diffusion using a 1∶1 mixture of the MtrF Stock and a mother liquor of 100 mM N-(2-Acetamido)iminodiacetate buffer pH 6.5, 15% ethylene glycol, 1.1 M ðNH 4 Þ 2 HPO 4 . Crystals were harvested directly into litholoops and flash-frozen in liquid nitrogen. Data were collected on frozen crystals on beamline I-02 at Diamond. The MtrF crystals were cuboid and deep red in color due to heme cofactors bound by the protein (Fig. S8A) and were of space group I 23 with typical cell dimensions of a ¼ b ¼ c ¼ 256 Å. A transformation of raw fluorescence data using CHOOCH gave anomalous scattering factors of f 0 ¼ −5.98e − and f 00 ¼ 5.38e − at an energy of 7.136 keV at the Fe K edge (1). A SAD (single-wavelength anomalous dispersion) dataset was collected at this energy (1.73-Å wavelength) to a final resolution of 4.0 Å. A further dataset from a single crystal was collected to an improved resolution of 3.20 Å using an x-ray wavelength of 1.072 Å. Datasets were processed using MOSFLM and SCALA as part of the CCP4 package (2-4) ( Table 1) .
Analysis of the SAD dataset using SHELXC (5) confirmed that an anomalous signal was present to the full 4.0 Å of the dataset. Phase determination was carried out using SHELXD and identified a total of 10 iron atoms with occupancies above 64% at a resolution of 4.7 Å. No other Fe atom sites with occupancies above 34% were observed and correlation coefficients CC all ∕CC weak of 34.4∕18.1% indicated a good solution that identified the positions of 10 iron atoms. Subsequent phasing was performed using these 10 Fe sites to a final resolution of 4.0 Å using SHELXE (5). The original and inverted hands of the phaseextended and solvent flattened maps had pseudocorrelation coefficients of 31.0% and 64.8%, indicating a single correctly phased solution with an overall figure of merit of 0.59 to 4.0 Å (Fig. S8C) . Electron density maps calculated using these phases was sufficiently interpretable to place all 10 hemes and corresponding CXXCH motifs. These were then used to manually build 90% of a polyalanine chain using COOT (6). This structure was refined to R cryst and R free values of 30.5 and 32.1%, respectively.
Molecular replacement using PHASER (7) was used to fit the model to the 3.2-Å resolution dataset. Further residues and side chains were then built using alternating rounds of manual building and refinement using TLS parameters with PHENIX (8) . The quality of the map used for structural determination is shown in Figs. S3E and S8D . The final model was refined to R cryst and R free values of 29.2% and 32.1%, respectively, and has 20 residues (3.5%) in the disallowed region of the Ramachadran plot. In order to verify the completed model, the correlation between the observed structure factors and experimental phases from the initial 4.0 SAD dataset were compared with structure factors and phases calculated from the final structure using OVERLAPMAP (9) . The overall correlation coefficient calculated from the backbone of the polypeptide chain was 0.70, suggesting a good correlation between experimentally determined maps and maps calculated from the structure.
The MtrF crystals had a very high solvent content of approximately 88% that arises from the nature of the protein-protein packing in the crystal. Only 7% of the total surface area of the protein makes contact with other monomers in the crystal lattice so that the MtrF monomers form a continuous lattice framework with solvent channels with diameters of 90 Å throughout the protein crystal (Fig. S8B) . The refined coordinates have been deposited in the Protein Data Bank (PBD ID code 3PMQ). Fig. S1 . The four domains of MtrF illustrated in the tertiary structure (A) and primary structure (B). Domains are sequentially colored red, blue, green, and purple in both the tertiary structure and the primary structure. The numbered His residues provide the distal ligand to the heme bound by the CXXCH motif of the same number. Italicized residues cannot be resolved in the crystal structure. The putative LXXC cleavage and lipid binding site is underlined, and the Cys residues of domain III CX 8 C disulfide are indicated in bold. (1) . The PPIPRED server predicts the most likely sites for proteinprotein interactions based upon several criteria: hydrophobicity, residue interface propensity, electrostatic potential, solvent accessible surface area, surface topography, and sequence conservation. The server outputs the most likely interaction site (shown in red) and the next two likely sites (shown in orange and then green). The identified residues were mapped onto the MtrF structure and shown as spheres of corresponding color. (B) MtrF coordinates were submitted to the Solvent accessibility based Protein-Protein Interface iDEntification and Recognition (SPPIDER) server (http://sppider.cchmc.org/) (2) . The server predicts the most likely residues involved in protein-protein interactions based upon relative solvent accessibility. The SPPIDER II algorithm was selected and the sensitivity was set for the highest degree of accuracy. The predicted residues were mapped onto the MtrF structure where they are displayed as red spheres. . Baseline subtracted EPR spectra for MtrF samples poised at potentials illustrated. Potentiometric titration was performed essentially as described in ref. 1 . A sample solution containing 95 μM MtrF, 50 mM Hepes, 100 mM NaCl (0.5 wt∕vol) CHAPS, pH 7.5 was placed in an electrochemical cell within an anaerobic glove box (under N 2 atmosphere where O 2 < 2 ppm). The following mediators (each at 13 μM): 2,3,5,6-tetramethyl-p-phenylenediamine, phenazine methosulphate, phenazine ethosulphate, 9,10-anthraquinone-2,6-disulphonic acid, anthraquinone-2-sulphonic acid, benzyl viologen, and methyl viologen were added and solution potential was adjusted to that desired. When solution potential was stable, 200-μL sample volumes were transferred to quartz EPR tubes (of 3-mm internal diameter) and rapidly frozen in liquid nitrogen. Sample spectra were recorded using a Bruker ER200D EPR spectrometer, fitted with a dual mode cavity (type ER4116DM), interfaced to an ELEXSYS control system (Bruker Analytische Messtechnik GmBH), and equipped with a variable temperature liquid helium flow cryostat (Oxford Instruments). Spectra were measured at 10 AE 0.4 K, under the following conditions: 9.69-GHz microwave frequency, 10-G modulation amplitude, and 2-mW power. Spectral simulation, integration, and fitting with the low-spin 1 (LS1), low-spin 1 (LS2), and large g max (LGM) species were performed using WINEPR SimFonia (ver. 1.25, Bruker Analytische Messtechnik GmBH). MtrF was prepared by sequential addition of microlitre quantities of 100 μM sodium dithionite to 0.5 μM MtrF (5 μM heme) in a buffer containing 25 mM Hepes pH 7.0, 0.5% CHAPS that was purged with O 2 -free N 2 gas. Observation of the UV-visible absorption spectra ensured that MtrF was completely reduced with a negligible excess of sodium dithionite. A stopped flow system was flushed with buffer containing 1 mM sodium dithionite and then rinsed thoroughly with anaerobic buffer sparged with N 2 . The system was then washed with buffer containing an oxygen scrubbing system of 1.6 mM protocatechuate and 0.1 U∕mL protocatechuate dioxygenase. Samples were prepared in an anaerobic chamber and loaded into the stopped flow apparatus using gas-tight syringes. The starting concentrations were 0.5-5 μM MtrF and either 10 μM FMN, 10 μM Fe(III) citrate, or 100 μM potassium ferricyanide. All samples were prepared in buffer containing 25 mM Hepes, pH 7.0, 0.5% CHAPS, 1.6 mM protocatechuate, 0. *Rate constants were determined using Origin (Originlab) by fitting second-order rate constants to the experimentally determined rate of MtrF oxidation in the presence of FMN or different iron oxides. The rate constant for a second oxidation was fitted to the experimental data determined for MtrF oxidized by ferric citrate or ferricyanide, where the partial amplitude of the second component was greater than 10% of the total amplitude. The numbers in parenthesis indicate the relative contribution of each component to the total amplitude of oxidation. †
B A
The rate of MtrF oxidation by ferrihydrite was calculated as a pseudo-first-order rate constant as it is impossible to calculate the molar concentration of available Fe(III) within the insoluble ferrihydrite mineral.
